ABSTRACT: We show a concept where coordination of amphiphiles to one block of a block copolymer leads to polymeric supramolecules and self-organization and that mesoporous materials can be achieved with a dense set of polymer brushes at the surfaces upon cleaving the amphiphiles by extraction with a selective solvent. Polystyrene-block-poly(4-vinylpyridine) (PS-block-P4VP) is used with zinc dodecylbenzenesulfonate (Zn(DBS) 2) which can coordinate to the lone electron pairs of the pyridine nitrogens in the P4VP block, leading to complexes PS-block-P4VP[Zn(DBS)2]y. Coordination of Zn(DBS)2 and structure formation were investigated using Fourier transformation infrared spectroscopy (FTIR), small-and wideangle X-ray scattering (SAXS and WAXS), and transmission electron microscopy (TEM). Lamellar structure was observed and even points toward a structural hierarchy for high molecular weight block copolymers. FTIR, SAXS, and TEM showed that most of Zn(DBS) 2 can be extracted from such templates using methanol, leading to lamellar porous structures. P4VP brushes cover the resulting pore surfaces. The structures do not collapse probably due to the glassy PS and defects in the nonaligned structure. Compared to hydrogen bonding, coordination allows bonding of higher molecular weight amphiphiles due to the stronger attraction.
Introduction
Nature offers a variety of examples for membranes, where selectivity and functionality are achieved by a high density of pores with regular sizes and, more importantly, proper biochemical functionality at the pore walls. In synthetic materials, concepts to achieve controlled pore sizes have been reported, ranging from nanoporous (<20 Å), to mesoporous (20-500 Å), up to macroporous (>500 Å) materials (see recent reviews [1] [2] [3] [4] . A classic concept is based on "track-etch" membranes, which is a useful platform for tailored materials. 1, 5, 6 Another example is provided by mesoporous ceramic materials based on sol-gel processing using surfactants. [7] [8] [9] Efforts to achieve nanoporous crystals based on packing constraints of robust molecular units, networks, and supramolecular design principles 10 have been described (see e.g. refs 3 and 11-19) . In crystals, however, the pores tend to collapse upon emptying, as this allows more uniform packing density.
Polymers can have advantages to "lock" the porosity. Several methods have been presented based on for example assemblies of block copolymers in the synthesis of inorganic materials, [20] [21] [22] [23] [24] selective degradation processes, [25] [26] [27] rod-coil block copolymers, 28 honeycomb structures, 29, 30 cross-linking hexagonally assembled amphiphiles, [31] [32] [33] [34] and selective removal of hydrogenbonded side chains (combs) from hierarchically selforganized polymeric comb-coil supramolecules. 35 The latter concept is based on the observation that "comb copolymer-like" structures [36] [37] [38] [39] can be obtained using tailored physical interactions, and combining this structure into the block copolymer self-organization leads to hierarchical structures. [40] [41] [42] Previously, it was observed that amphiphilic molecules can be hydrogen bonded to the pyridine groups of polystyrene-block-poly(4-vinylpyridine) (PS-block-P4VP), allowing structural hierarchy, 40, 41 and mesoporous materials with cylindrical pores were demonstrated upon selective removal of the amphiphiles. 35 Here we wanted to use stronger physical interactions (attraction) between the amphiphiles and the block copolymer, enabling the use of higher molecular weight amphiphiles. This, in turn, could lead to higher porosity after selective removal of amphiphiles. We decided to use late transition metal zinc as a coordination center because it is known to form complexes with various polymers, including P4VP. 37, [43] [44] [45] Accordingly, we used zinc dodecylbenzenesulfonate, Zn(DBS) 2 . Zinc forms tetra-to hexacoordinated complexes, which means that Zn 2+ may coordinate simultaneously to two or more pyridine rings, depending on the available steric freedom. In the polymeric complexes this may lead to an additional difficulty due to the cross-linking, 43 which may hinder the formation of highly ordered selforganized structures. Zn(DBS) 2 is also hygroscopic, and there is practically always expected to be some hydration water present in the samples. 46, 47 In the present work, the coordination between Zn-(DBS) 2 and PS-block-P4VP is first studied to assess formation of the supramolecules PS-block-P4VP[Zn-(DBS) 2 ] y . The self-organization and its hierarchy in the solid state will also be investigated. Finally, the Zn-(DBS) 2 molecules are cleaved, revealing mesoporous lamellar material allowing high surface area and a dense set of P4VP brushes at the lamellar walls.
Experimental Section
Materials. Two polystyrene-block-poly(4-vinylpyridine) (PS-block-P4VP) block copolymers were supplied by Polymer Source Inc., and they were used without further purification (high molecular weight (Mn,PS ) 238 100 g/mol, Mn,P4VP ) 49 500 g/mol, Mw/Mn ) 1.23) and lower molecular weight (Mn,PS ) 41 400 g/mol, Mn,P4VP ) 1900 g/mol, Mw/Mn ) 1.07)). Dodecylbenzenesulfonic acid (DBSA) was purchased from Tokyo Kasei (90%), and ZnO was acquired from J.T. Baker B. V. (99%). Zinc dodecylbenzenesulfonate Zn(DBS)2 was synthesized in ethanol (Primalco Ltd., Finland, 99.5%) from DBSA and ZnO according to
The detailed description of the procedure is given elsewhere. 37 In contrast to the earlier work, the product was additionally purified by recrystallizing it three times from acetone (Riedelde Hä en, 99.5%). Finally, the Zn(DBS)2 was dried in a vacuum (10 -2 mbar) at 80°C for 2 days.
Sample Preparation. The complexes PS-block-P4VP[Zn-(DBS)2]y were prepared by dissolving both components, PSblock-P4VP and Zn(DBS)2, in chloroform (Riedel-de Hä en, 99%). The number of Zn(DBS)2 groups per 4-vinylpyridine repeat unit was denoted by y ) 0, 0.6, 0.8, and 0.9. The solvent was slowly evaporated at 4°C, and thereafter the samples were dried in a vacuum at 60°C for 2 days and annealed in a vacuum at 150°C for 24 h. The bulk samples were immersed in methanol (Riedel-de Hä en, 99.8%) at room temperature for at least 12 h to remove Zn(DBS) 2 from the structures. To verify that Zn(DBS)2 has been removed, SAXS, FTIR, and TEM measurements were performed again and compared to the original measurements.
Fourier Transformation Infrared Spectroscopy. FTIR spectroscopy was used to study the interaction between PSblock-P4VP and Zn(DBS) 2. All infrared spectra were obtained using a Nicolet Magna 750 FTIR spectrometer at room temperature. A minimum of 64 scans was averaged at a resolution of 2 cm -1 . The samples were analyzed from films cast on potassium bromide crystals. The solvent was evaporated in a vacuum at 60°C for 24 h. After methanol extraction samples were dried in a vacuum at room temperature for 24 h and were grounded with KBr and then pressed to pellets.
X-ray Scattering. X-ray scattering was used to study the mesomorphic behavior and crystallinity of the samples. Most of the experiments were performed with a conventional sealed X-ray tube. The Cu KR radiation (λ ) 1.54 Å) was monochromatized by means of totally reflecting mirror (Huber smallangle chamber 701) and Ni filter. Sample-to-detector distances of 80, 170, and 1250 mm were used (q range between 0.008 and 2.00 Å -1 ). Scattering intensities were measured using a 2-D area detector (Bruker AXS). The accessible q range was not sufficient for the high molecular weight block copolymer, and additional measurements were performed at the highbrilliance beamline ID2 of the European Synchrotron Radiation Facility (ESRF). The station has an undulator X-ray source with focusing optics. . Methanol extracted samples were prepared as follows: Cryo-trimmed sample blocks were immersed in methanol for a few hours in order to remove Zn(DBS)2. Thereafter, 70 nm thin sections were cryomicrotomed from these mesoporous specimens. Sections were picked up on 600 mesh copper grids, and to enhance contrast, some microtomed sections were stained in the vapor of I2 crystals. Bright field TEM was performed on JEOL-1200EX and JEOL-2000FX transmission electron microscopes operated at an accelerating voltage of 60 kV and 200 kV, respectively.
Results and Discussion
Evidence for the complex formation between Zn(DBS) 2 and PS-block-P4VP (M n,PS ) 41 400 g/mol, M n,P4VP ) 1900 g/mol) was obtained on the basis of the FTIR bands characteristic for the aromatic carbon-nitrogen stretching. Figure 1 shows the FTIR spectra of Zn(DBS) 2 , selected PS-block-P4VP[Zn(DBS) 2 ] y complexes, and PSblock-P4VP in the 1725-1525 cm -1 region. PS-block-P4VP has a band occurring at ca. 1600 cm -1 , which is a combination of the aromatic carbon-carbon stretching band of the phenyl groups within PS and the aromatic carbon-nitrogen stretching band of the uncomplexed (i.e., free) pyridine rings within P4VP (1596-1597 cm -1 ). 37, 44, 45 Pure Zn(DBS) 2 has an aromatic carboncarbon stretching band at ca. 1600 cm -1 due to phenyl groups. Coordination of Zn 2+ to pyridine is known lead to a shifted absorption to higher wavenumbers due to the metal-ligand π-bonding. 44, 45 In agreement, in Figure 1 2 ] y at ca. 1619 cm -1 , confirming coordination. Upon increasing the mole fraction y of Zn-(DBS) 2 , the absorption band at 1619 cm -1 is expected to increase because more pyridine rings take part in the complex formation and at the same time the absorbance of the free pyridine rings at 1596-1597 cm -1 should gradually decrease until saturation is achieved. However, it was observed that the relative peak heights at 1619 cm -1 and near 1600 cm -1 , did not essentially change as a function of y when y > 0.30 (data not shown here). This is reasonable because each added Zn(DBS) 2 molecule increases also the absorption near 1600 cm -1 due to two added phenyl rings. In addition, more than one pyridine can be complexed to Zn 2+ simultaneously, depending on the steric availability. 43 Similar FTIR behavior was also seen for the high molecular weight block copolymer complexes.
a new band is observed for the complexes PSblock-P4VP[Zn(DBS)
The TEM micrograph of PS-block-P4VP[Zn(DBS) 2 ] 0.9 using the high molecular weight block copolymer (M n,PS ) 238 100 g/mol, M n,P4VP ) 49 500 g/mol) indicates a lamellar structure with a periodicity of ca. 1100 Å (see Figure 2a) . As no effort was made to align the local lamellar structures, they do not have a common orientation and a relatively large number of defects were observed, which incidentally turned useful to prevent the structures from collapsing upon removal of Zn-(DBS) 2 at the final stage. Synchrotron SAXS shows a distinct peak at q* ) 0.0060 Å -1 and a faint shoulder at 2q* (Figure 2b) , which also supports a lamellar structure with a periodicity of ca. 1000 Å. By contrast, the uncomplexed PS-block-P4VP shows only a broad shoulder at slightly higher angles, probably due to the problems to achieve well-developed structures in pure high molecular weight block copolymers. The more distinct SAXS peak in PS-block-P4VP[Zn(DBS) 2 ] 0.9 may be caused by an additional plasticization due to the bonded oligomeric amphiphile. Therefore, combination of the above observations suggests that PS and P4VP-[Zn(DBS) 2 ] 0.9 form alternating lamellae, which is not surprising as the weight fraction of the P4VP[Zn-(DBS) 2 ] 0.9 block is ) 0.60. 48 It is next studied whether there is another internal structure within the P4VP-[Zn(DBS) 2 ] lamellae, in analogy with PS-block-P4VP hydrogen bonded to alkylphenols. 41 Figure 2c shows the X-ray scattering intensity curves in the q range of 0.06-2.00 Å -1 . Zn(DBS) 2 has peaks at q 1 *, 2q 1 *, 3q 1 *... indicating a lamellar structure with the long period of ca. 30 Å. PS-block-P4VP does not have peaks in this q range. The complex, in turn, has peaks at q 2 * and 2q 2 *, which in combination with the FTIR, TEM, and SAXS data suggest an internal smaller structure within the P4VP[Zn(DBS) 2 ] 0.9 layers. The reason that its long period is only marginally larger than for pristine Zn-(DBS) 2 is not yet known. The lamellar structure could be realized if P4VP and the coordinated polar Zn 2+ (SO 3 -) 2 moieties form ionic layers whereas the dodecyl alkyl chains are extended and form the nonpolar layers. 37, 47 Therefore, a hierarchical self-organization is proposed, i.e., lamellar-within-lamellar structure (see schematics in Figure 3 ). The smaller structure within the P4VP-[Zn(DBS) 2 ] 0.9 domain was not resolved in TEM. Note also that the crystalline uncomplexed Zn(DBS) 2 has several peaks in the wide angle q range whereas the pure block copolymer and PS-block-P4VP[Zn(DBS) 2 ] 0.9 complex show only an amorphous halo, indicating that the crystallization is suppressed when Zn(DBS) 2 is attached to the P4VP.
To demonstrate concepts for pores of different sizes, complexes based on a smaller molecular weight block copolymer were also prepared, i.e., M n,PS ) 41 400 g/mol regions. The magnitude of the scattering vector is given by q ) (4π/λ) sin θ, where 2θ is the scattering angle and λ ) 1.54 Å. The curves have been shifted for clarity. The curves in (c) have been combined from two measurements having different sample-to-detector distances (Mn,PS ) 238 100 g/mol, Mn,P4VP ) 49 500 g/mol). Note that Zn(DBS)2 can be coordinated to more than one pyridine ring, however, still counterbalanced by the steric hindrances due to the polymer chains. Therefore, the actual coordination geometry is not known and is not addressed here. In addition, the scheme indicates that some hydration water may remain in the sample despite the drying. and M n,P4VP ) 1900 g/mol. Figure 4 shows a TEM micrograph of PS-block-P4VP[Zn(DBS) 2 ] 0.8 , indicating a lamellar structure with the long period of ca. 250 Å. Also in this case, there is no common alignment of the lamellae, and a considerable number of defects remain in the sample. Interestingly, lamellar morphology is observed even if the weight fraction of P4VP[Zn-(DBS) 2 ] 0.8 domain is ) 0.23, and cylindrical morphology could be expected on the basis of simple diblock copolymer considerations. 48 This indicates an asymmetric phase diagram, as was observed also in PS-block-P4VP hydrogen bonded with alkylphenols. 41 The thicknesses of the PS and P4VP[Zn(DBS) 2 ] 0.8 lamellae are ca. 200 and 50 Å, which qualitatively agrees with the P4VP[Zn(DBS) 2 ] 0.8 weight fraction. Figure 5a represents the SAXS intensity curves for the scattering vector magnitudes of q ) 0.01-0.10 Å -1 , and neither Zn(DBS) 2 nor PS-block-P4VP shows intensity maxima in this q range. The P4VP block is very short in this block copolymer (its weight fraction is only 4.4%), and it does not come as a surprise that no peaks due to order are observed for the pure PS-block-P4VP. For complexes y ) 0.8 and 0.6, the relatively broad first intensity maxima are observed at q 1 ) 0.023 and 0.028 Å -1 as well as faint indications for the second-order peaks at 2q 1 . These results agree with the lamellar order with long periods of 270 and 220 Å, respectively. Figure 5b illustrates the SAXS intensity patterns for q ) 0.06-0.60 Å -1 . In this q range, the first two peaks of Zn(DBS) 2 (Figure 2c) . We suggest that it may be due to the thin P4VP[Zn(DBS) 2 ] y layers, as there are only 18 pyridine rings in the layers due to the short P4VP chains, and the closeness of the interfaces may disturb the structure formation.
Having established that PS-block-P4VP[Zn(DBS) 2 ] y forms lamellar structures, we wanted to study whether the oligomeric Zn(DBS) 2 amphiphiles could be extracted from the lamellae, leaving at least partially open pores. The underlying hypothesis was that the glassy PS phase and the relatively high number of defects would stabilize the structure and prevent it from collapsing. The result of the extraction was studied using FTIR, SAXS, and TEM. Figure 6 shows the FTIR spectra before and after the methanol extraction for selected samples. The characteristic band for the pyridine coordination at 1619 cm -1 is significantly diminished due to the methanol extrac- tion, indicating that a substantial amount of Zn(DBS) 2 is removed from the material. Further evidence for the amphiphile removal was observed based on the SAXS data. Figure 7 represents the SAXS intensity patterns before (dots) and after (solid line) the methanol treatment of PS-block-P4VP[Zn(DBS 2 )] 0.6 (M n,PS ) 41 400 g/mol, M n,P4VP ) 1900 g/mol). The broad intensity maximum of the inner structure (q ) 0.20 Å -1 ) disappears upon methanol extraction, showing that a substantial part of the Zn(DBS) 2 has been removed. The long period corresponding to the block copolymer structure (q* ) 0.028 Å -1 , L p ) 220 Å) does not change upon extraction, indicating that the lamellar structure is retained. Importantly, higher-order peaks are also resolved more clearly in the extracted sample, as could be expected due to the enhanced electron scattering density difference. Note that if the structure would collapse upon extraction, the scattering electron density difference would decrease and the first-order peak could be more difficult to distinguish (see pure PS-block-P4VP in Figure 5a ).
Finally, TEM was used to analyze the porosity of the high molecular weight complexes as the structures were expected to be more clearly resolvable in this case. Figure 2a already showed the lamellar structure before methanol extraction. The P4VP[Zn(DBS 2 )] 0.9 domains show dark in the image due to the I 2 staining, but sufficient contrast was achieved even without staining due to the higher electron density of Zn 2+ . Parts A and B of Figure 8 show the methanol-extracted samples without and with I 2 staining, respectively. First, the relative thicknesses of the layers have not essentially changed during the methanol extraction, indicating that the structure remains and does not collapse. Second, the removal of Zn(DBS) 2 is confirmed by the "contrast inversion" in Figure 8A ,B. The extracted and unstained sample is shown in Figure 8A , where the electrondeficient P4VP/air domain is now white. When the sample is stained with I 2 vapor, the P4VP domain turns to dark ( Figure 8B ) due to the increased electron density in that domain. The contrast inversion manifests more clearly in the "hairpin-like" defects. It should be noted that if the amphiphiles were not removed, the P4VP-[Zn(DBS 2 )] 0.9 domain was always dark in the images, with or without staining.
Astonishingly, despite the relatively open lamellar structure, at least partially open pores can be prepared upon extraction of Zn(DBS) 2 , probably stabilized due to the glassy PS phase, the different orientations of the lamellae, and the defects of the lamellar structure. A question remains on the more detailed structure of the pores. The resolution of TEM was not sufficient to give hints in this respect even for the large molecular weight ( Figure 8A,B) . However, the inset of Figure 7 illustrates for the methanol extracted sample PS-block-P4VP[Zn-(DBS) 2 ] 0.6 that the overall X-ray scattering intensity follows Porod's law (q -4 ) to at least q ) 0.30 Å -1 . This suggests that the interfaces between pore and polymer are in fact sharp, and the boundary layer thickness is only of the order of few angstroms. 49 This may suggest that upon removal the amphiphiles the residual essentially uncomplexed P4VP brushes would line the pore walls (see scheme in Figure 9 ). So far, such a conclusion remains somewhat open, and the schematic picture has to be considered with some care.
Conclusion
We have demonstrated that self-organization of coordinated comb-shaped supramolecular templates can be used for preparation of mesoporous structures in a glassy PS medium. Compared to hydrogen bonding based on for example phenols, coordination allows bonding of higher molecular weight amphiphiles due to the stronger attraction. This, in turn, enables to prepare materials with larger porosity. Part of the supramolecular template, Zn(DBS) 2 , can be removed using a selective solvent for P4VP and Zn(DBS) 2 . This overcomes the need of having to use degradation or compa- where the P4VP domain shows dark due to the increased electron density in that domain. It should be noted that if the amphiphiles were not removed, the P4VP[Zn(DBS2)]0.9 domain would always be dark in the images, with or without staining. The contrast inversion manifests most clearly in the "hairpinlike" defects (Mn,PS ) 238 100 g/mol, Mn,P4VP ) 49 500 g/mol). rable methods to produce porous materials. We found that the removal of the amphiphiles was successful, and the structures did not collapse, potentially due to the glassy PS phase, the different orientations of the nonaligned lamellae, and defects. This concept permits a relatively easy way to achieve structurally welldefined mesoporous materials with a narrow distribution of pore sizes with very high density of pores and high surface area per volume unit. In addition, upon proper selection of the blocks of the block copolymer and composition, it may be possible to increase the functionality and to get responsive brushes at the pore walls. We expect that such materials could be further developed to mesoscale electrical or biotechnological applications. Proposed structure after the removal of Zn-(DBS)2 with the residual P4VP brushes starting from the pore walls. Note that the internal structure of the pores is not yet known, and the shown scheme has to be regarded as tentative in this respect. Note also that the glassy PS matrix and imperfections in the alignment probably stabilize the mesoporous structure.
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